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Abstract: Nowadays, there is a renewed interest in switched reluctance machines and especially
in axial-flux switched reluctance machines (AFSRM). This paper presents a comprehensive design
procedure for modular AFSRM with an inner stator and two exterior rotors that have a new distribution
of the stator and rotor poles, resulting in short magnetic paths with no flux reversal. After a description
of the proposed machine, the output torque equation is derived from a simplified non-linear energy
conversion loop and guidelines for its design are given. Once the preliminary sizing has been carried
out the different modules of the AFSRM, the magnetically active parts made with SMC, are reshaped
or refined using 3D printing and 3D electromagnetic finite element analysis until they reach their
definitive shape and dimensions. Finally, an AFSRM has been built following the proposed design
procedure and has been validated by experimental measurements.
Keywords: switched reluctance machines; axial-flux machines; modular construction; soft magnetic
composites; design of electric drives
1. Introduction
Nowadays, many applications such as fans, pumps, machine tools, and electric vehicles demand
the use of axial-flux electric machines. Most usual axial-flux electric machines are DC commutator
motors, brushless DC motors, or synchronous motors, all of them excited with permanent magnets.
These machines can be designed in many diverse ways, such as single stage or multistage, with or
without armature slots, with or without armature core, or with internal or external rotors to better
adapt to the requirements of application in which they have to be used [1]. The development of these
machines has gone in parallel with that of the permanent magnets. However, the abrupt increase
of the raw material cost in rare earth permanent magnets happened in 2011, shifted research in the
field of electrical machines towards topologies with a lower volume of permanent magnets and even
without permanent magnets. This circumstance has renewed the interest for switched reluctance
machines, especially in the field of electric traction [2]. Some studies carried out in axial-flux switched
reluctance motors (AFSRM) demonstrate that they have higher torque density than conventional
radial flux switched reluctance machines [3]. The design of AFSRM is not something new; in 1990
Krishnan et al. [4] were the first to give the basics of the design of AFSRM. Later, Arihara and Akatsu
proposed the basic design methodology of a single side AFSRM [5], Labak and Kar [6] presented the
design procedure and a prototype of a novel five-phase pancake-shaped AFSRM. Madhavan and
Fernandes [7,8] developed a new segmented AFSRM with higher number of rotor segments and
gave the basis of its design. Ebrahimi and Feyzi made some contributions to the design of AFSRM
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with modular stator [9]. Recently, Lin proposed a variation of the output equation for this type
of machine [10] and Torkaman et al. [11] provided a review of the design of AFSRM including a
comparison, considering the assessment of some performance indices among different topologies. This
paper proposes a new procedure, taking into account saturation, for the sizing of a particular type of
an AFSRM with an inner stator and two exterior rotors that have a new distribution of the stator and
rotor poles resulting in short magnetic paths with no flux reversal that have been presented in [12–16].
The machine has been built modularly with stator and rotor poles made with SMC parts. The paper
is organized as follows. In Section 2, a description of the proposed AFSRM is presented. Section 3
develops the output torque equation of the AFSRM. In Section 4 guidelines for sizing the AFSRM are
given. Section 5 exposes a methodology of design of an AFSRM, intended for the propulsion of a light
electric scooter, following the aforementioned sizing guidelines. The experimental assessment of the
designed AFSRM is presented in Section 6. Finally, in Section 7, conclusions from this study are drawn.
2. Description of the Proposed Axial-Flux Switched Reluctance Machines (AFSRM) Machine
In this paper, a three phase AFSRM with an inner stator of twelve poles and two outer rotors with
ten poles is designed. It is a particular case of a new type of AFSRM with a new arrangement of the
stator and the rotor poles and with short flux paths without flux reversal, which has been previously
reported [13]. The ten ferromagnetic poles of each rotor are joined on the opposite side of the air-gap,
by means of an annular disk also of ferromagnetic material. The stator is formed by twelve poles
of triangular shape of ferromagnetic material, sticking out with the same length at both ends of an
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connected  in  series. The  coils of  two adjacent  stator poles are also  connected  in  series  forming a 
double  electromagnet. Having  the  described machine  six  double  electromagnets,  each  phase  is 
formed  by  connecting  in  parallel  the  two  double  electromagnets  diametrically  opposed.  The 
terminals of the phase windings leave the machine through the hollow shaft. 
Figure 1. (a) Exploded view of the proposed axial-flux switched reluctance machines (AFSRM) (left),
(b) repres ntation of the flux path when ther is alignment between sta or and rot r poles (right) [15].
As it is depicted in Figure 2, two coils are wound in both opposite ends of the stator poles and
connected in series. The coils of two adjacent stator poles are also connected in series forming a double
electromagnet. Having the described machine six double electromagnets, each phase is formed by
connecting in parallel the two double electromagnets diametrically opposed. The terminals of the
phase windings leave the machine through the hollow shaft.
































Figure 2. (a) schematic drawing of the coil’s arrangement of the two double electromagnets diametrically
opposed (stator poles 1–2 and 7–8) [15], connected in parallel to form phase A. (b) upper view of the
layout of the different phases (red: Phase A; blue: Phase B and black: Phase C).
3. Output Torque Equation for AFSRM
The starting point of the design of electric rotating machines is the output torque equation, which
relates the torque with the main dimensions (bore diameter and axial length in radial flux machines),
magnetic loading, and electric loading [17]. In this paper, the output torque equation of the AFSRM is
derived not of the expression of the average torque disregarding the saturation [4,7,9] but of the energy
converted into mechanical work in each stroke, energy conversion loop, represented by the area W
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Figure 3. Energy conversion loop. Figure 3. Energy conversion loop.
If the phase resistance is neglected and the aligned magnetization curve is approximated by two
straight lines, OD with a slope Lau, and DB parallel to the unaligned magnetization curve also a
straight line, OA, with a slope Lu [15]. The current between points A and C is flat-topped and has a
value of IB, being C the point where solid state switches turn-off in which flux linkage, ψs, is equal to
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kd Las IB, being Las the saturated inductance, slope of the straight line OB, and kd the magnetic flux
linkage ratio.
With these assumptions from Figure 3, the torque [19] can be evaluated as:



















The flux linkage is the product of the number of turns of the phase, Nf, by the magnetic flux
density in the stator pole (magnetic loading), Bp, and by the area of the stator pole. Due to the particular
geometry of the AFSRM, with Do and Di which are outer and inner stator diameters, respectively, and
considering that the stator pole angle in the average stator diameter is approximately equal to a stroke,
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An alternative expression is:











= (1 + ξ)2(1− ξ) (11)
The torque per unit with respect to the diameter ratio is depicted in Figure 4, where it can be seen
that the maximum torque per unit is achieved when the diameter ratio is one third, nevertheless good
values of ξ can be obtained in the margin between one fifth and one half.































i r . r . ., t, rs s i eter ratio ξ.
I re r s to the other ter s of the F ( t foll i c si t
i t t:
p, ti l i , i st t r l ti fl sit , it s l l r t
a etic fl x density of saturation of the agnetic aterial used
• , electric loading or linear current density, depends on cooling conditions of the achine, it
should be co prised bet een 75,000 and 200,000 / .
• kd, flux linkage duty cycle, usually is between 0.5 and 0.8.
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4. Design Guidelines for the Sizing of the Proposed AFSRM
The AFSRM design procedure starts with the complete definition of all the specifications and
restrictions that the application imposes on the machine to be designed. After the selection of the
materials to be used, the main dimensions are obtained using the output torque equation. Then, by
means of simple formulas, the geometrical dimensions of the stator, the number of turns of the phase
windings, and the geometrical dimensions of the two rotors are determined.
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The polar pieces of the stator have a triangular shape and considering that in the stator pieces
whose symmetry axis form an angle δ the inner sides of these pieces are parallel, that is, the distance
ws is constant between Do and Di along the two stator poles, the angle ϕs is approximately:
ϕs = 2δ(1− ξ) (14)
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The number of turns per coil, Np, depends on the number of double electromagnets per phase, 
two  in  the AFRM  considered,  each  consisting of  four  coils,  and of  their  connection  (x  =  1  series 
connection and x = 1/2 for parallel connection), thus: 
Figure 5. Stator section showing the disposition and dimensions of stator poles.
In practice, it ould be advisable, in order to reduce stator mass, that:
ϕs < 2δ(1− ξ) (15)
Being:













Otherwise, the voltage equation of the AFSRM can be approximated, being ω the speed of the
















From Figure 3, the increment of flux linkage between points A and C can be given by:
∆ψs= kdLasIB= kdNfBpAsp (19)










The number of turns per coil, Np, depends on the number of double electromagnets per phase, two
in the AFRM considered, each consisting of four coils, and of their connection (x = 1 series connection
and x = 1/2 for parallel connection), thus:





The wire section, sc, considering the connection of the double electromagnets per phase, is






The copper area, Acu, into a slot is approximately equal to:
Acu = 2Npsc= kvhews (24)






The total height of a stator pole, het, is:
het = 2he + hce (26)
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The wire  section,  sc,  considering  the  connection  of  the  double  electromagnets  per  phase,  is 
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Figure 6. Arrangement of stator poles into the structural disk.
4.2. Design of Rotor Pole and Yoke





The rotor poles have the same length, half the difference between outer an inner diameter than
stator poles. The angle ϕr should verify:
ϕr > ϕs (28)
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of  turns per phase  is determined according  the  sizing guidelines are  exposed  in Section 4,  some 
adjustments will be made due to the modular construction of the machine using 3D printing and 3D 
Figure 8. Arrangement of rotor poles and rotor yoke.
The thickness of the rotor yoke, hcr, is determined considering that the yoke area is approximately
half than the rotor pole area in order to reduce mass and despite this increase the flux d nsity in the






















The air-gap, g, should be as small as possible compatible with mechanical tolerances but it is
advisable not to be less than 0.5 mm.
Active axial length of the AFSRM, LAX, excluding the thickness of the two covers is equal to:
LAX = 2g + 2he + hce+ 2hr + 2 hcr (32)
5. Methodology of Design
In order to design an AFSRM intended for the propulsion of a light electric scooter, the following
methodology is proposed. Once the materials are selected, the geometry is defined, and the numb r
of turns per phase is determin d according the sizing guidelines re exposed in Section 4, some
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adjustments will be made due to the modular construction of the machine using 3D printing and 3D
analysis of electromagnetic fields with finite elements (3D FEA). Finally, once the definitive dimensions
and parameters of the AFSRM have been specified, an electromagnetic evaluation of the AFSRM is will
be carried out by means of 3D FEA. It is important to add that the design process should considerer a
thermal analysis in operational conditions, but this will be an objective of a future paper.
5.1. Specifications and Restrictions
The AFSRM must develop a torque of 80 Nm at 335 rpm and provide a constant power of 2.8 kW
between 335 rpm and 1215 rpm. Due to the machine has to be placed inside a wheel of 13′′ the
maximum external dimensions were limited to a diameter of the motor frame of 308 mm and an
axial length of 116 mm. The battery voltage was 96 V and the AFSRM was controlled using the SRM
controller shown in Figure 9 and described in [20].
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Figure 9. View of the power electronic controller.
The construction of the agnetic circuit of the proposed AFSRM, due to the difficulties of built it
with electrical steel, was made using SMC (Soft Magnetic Composites). First, commercially available
Somaloy 700 3P was the selected material but finally a SMC material, with a density of 7.33 g/cm3 and
with the B-H curve shown in Figure 10, was used.
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Figure 10. B-H curve of the SMC used.
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5.2. First Approach to the Dimensions of the AFSRM
The AFSRM to be designed has to be able to provide a torque of 80 Nm at 335 rpm. Taking into
account the characteristics of the SMC used, the electric loading considered, Bp, is of 1.6 T. Since the
planned cooling is natural the electric loading, A, is of 121,000 A/m. With these values and taking a
diameter ratio, ξ, of 0.5, a magnetic flux linkage duty cycle, kd, of 0.8 and estimating inductance ratio,
kL, about 0.4 an outer diameter of 260 mm is obtained from output torque Equation (8). Value that, of
course, should be lower than the external diameter of the frame. Then following the proposed sizing
guidelines, the main dimensions of the stator and rotor as well as the main winding data are obtained
as it is shown in the second column of Table A1 in the Appendix A. It is important to point out that the
number of turns per pole is calculated according to Formula (21) considering that AFSRM has to give
2.8 kW at 1215 rpm with an RMS current of 60 A and a current density of 5 A/mm2.
5.3. Definitive Design of the SMC Parts
The modular construction of the AFSRM, the use of SMC, and the fact that its different parts, in
addition to channeling the magnetic flux, must give mechanical consistency to the AFSRM, so that
stator poles must fit in the structural disk and rotor poles must be glued on the covers, makes the
dimensions determined by the above-mentioned procedure should be slightly modified. At this point,
it is important to keep in mind that in prototyping, the pieces of SMC are made by machining blocks of
SMC with dimensional limitations that condition the size of the pieces to be performed, in addition
some machining operations should be avoided, circumstances that restricts the assembly possibilities
of the SMC parts in the machine. In order to deal with them, two tools have been of great importance
to refine and reshape the parts of SMC of the machine. The first is 3D printing that enables to easily
assess the constructive modifications of the parts introduced to ease the assembly of the different parts
into the machine. The second is 3D-FEA [21] that, in addition to enabling the determination of the
magnetization and static torque curves that provide an assessment of the AFSRM performance, allows
observing the variations in the magnetic flux density due to the modifications made in the stator or
rotor poles, which facilitates the evaluation of the convenience of carrying out these modifications.
Figure 11 depicts the disposition of stator poles into the structural disk (a) made by means of 3D
printing and the 3D-FEA (b) showing the map of flux magnetic density when there is full alignment
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Figure 12 shows the evolution of the stator polar pieces from the first’s pieces obtained by 3D
printing to the final of SMC. The evolution of the rotor pole pieces is also depicted in Figure 13. The
final pieces of SMC both of stator and rotor are those that best respond, in shape and dimensions, to
the conditioning factors of the materials, to the structural requirements, and to a minimization of its
mass. Circumstances that modify some of the dimensions or parameters of the machine are indicated
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entioned in Section 5.3, the magnetization curves and the static torque curves of the machine can
be o tained by 3D FEA. In Figure 14, magnetization curves are repres nt d, while in Figure 15, static
torque curves for different valu s of curr nt are shown. The information given from these curves can b
enough for a first assessment of the AFSRM or can be used in a more complete simul tion considering,
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descri ed in [12]. Anyway, once the simulation has shown that the proposed solution matches the
previous expectations of the drive it is time t build a prototype with the corrected valu s derived
of the exposed design procedure. In Figur 16a, a view of the complete stator, including winding,
and the two covers with the rotor pole piece glued to them can be se n, while Figure 16b shows a
photography of the complete AFSRM pr totype.
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6. Experimental Assessment of the Designed AFSR
Once the AFSR and the controller were built, the drive was tested in a test rig in order to assess
its perfo mance.
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6.1. Test Rig Description
The AFSRM prototype was tested in the test rig shown in Figure 17. The AFSRM was coupled
through a torque-meter, Kistler 4550A500S10N1KA0 500 Nm, to a DC machine acting as a brake and
connected to a DC source variable in voltage and current, APS DPS 100–450, through the mentioned
electronic power controller [20], controlled by a HIL platform, dSPACE ACE 1006. The measurements
of torque, speed and power were monitored by means of testing power analyzer system, eDrive
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6.2. AFSRM Drive Control
In order to meet the requirements of the drive, the control strategy used was hysteresis control
with variable turn-on and turn-off angles in low and medium speeds and single pulse with variable
turn–on and turn-off angles for high values of speed. The values of reference current and of the turn-on
and turn-off angles for each point of operation were determined after many simulations performed
with Matlab-Simulink, using the results of the finite element analysis of the AFSRM [12–14].
6.3. Experimental Results of the AFSRM Prototype
The test rig enabled the experimental determination of torque-speed curves of the AFSRM drive,
keeping the speed constant while the load was increased acting on the DC machine. Figure 18 shows
these curves, including power isolines for better comparison, with the drive expected requirements
that are depicted by a dashed red line. The behavior of the drive at different points of operation was
analyzed considering the aforementioned control strategy. Although turn-on and turn-off angles were
predetermined by simulation, some adjustments had to be performed to adapt to the actual behavior
of the drive. These adjustments were made to determine the angles that provided a lower absorbed
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current and a higher output torque, ensuring that the motor temperature was the same for all operating
points. From these adjustments a new table of turn-on and turn-off angles was obtained that was better
adapted to the different operating conditions of the AFSRM. Figure 19 shows the waveforms of phase
current, phase voltage, and bus current for 500 rpm, 60 Nm with hysteresis control (θON = −4◦, θOFF =
12◦). Figure 20 depicts the waveforms of phase current, phase voltage and bus current for 900 rpm,
30 Nm with hysteresis control (θON = −7◦, θOFF = 8◦) and Figure 21 shows the waveforms of phase
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Figure 18. Torque-speed curves experimentally obtained on the test rig. Drive requirements depicted
by the red dashed line.
Energies 2020, 13, x FOR PEER REVIEW  14 of 17 
 
that was better adapted  to  the different operating conditions of  the AFSRM. Figure 19 shows  the 






Fig re 18. Torq e‐s ee  c r es ex eri t ll   t i    t  t st ri . Drive require ents depicte  




Fig re 19. Experimental waveforms of phase current, phase voltage and bus current for 500 rpm,
60 Nm with hysteresis control θON = −4◦, θOFF = 12◦.
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Figure 20. Experimental waveforms of phase current, phase voltage and bus current for 900 rpm,
30 Nm with hysteresis control θON = −7◦, θOFF = 8◦.
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Figure 21. Experimental waveforms of phase current, phase voltage and bus current for 1400 rpm,
20 Nm with single pulse control θON = −7◦, θOFF = 8◦.
7. Conclusions
This paper presents a co prehensive design procedure for an FS ith an inner stator and
t o t i rotors that have a new distribution of the stator and otor poles resulting in short magnetic
p ths with no flux reversal. In the proposed procedur , the utp t torque equation is derived from a
simplified non-linear energy co ve sion loop therefore consid ring saturation. Then, guidelines for
the sizing of the stator, rotors, and winding are given. The desi n is refin using 3D printing and 3
FEEA. Following the pr p sed design, an AFSRM prototype was built. Finally, the prototype was
tested in a test rig. Experimental esults roved the goodness f the propose procedure.
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Appendix A. Main dimensions of the AFSRM prototype
Table A1. Main dimensions and parameters of the AFSRM prototype.
Dimension Value Final Value
Do 260 mm 260 mm
ξ 0.5 0.45
Di 130 mm 117.9 mm






ws 27.03 mm 20.47 mm
g 0.5 mm 0.6 mm
Nf 108 turns 108 turns
x 1 1/2
Np 16 turns 32 turns
he 25.83 mm 28.9 mm
sc 10.91 mm2 4.78 mm2
hce 12 mm 12 mm
kv 0.5 0.57
hr 8.61 mm 10 mm
hcr 7.5 mm 8 mm
Lax 96.88 mm 108.8 mm
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